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Influence of strain on the electronic structure of the TbMnO 3 Understanding the magnetotransport properties of epitaxial strained thin films requires knowledge of the chemistry at the interface. We report on the change in Mn electronic structure at the epitaxially strained TbMnO 3 /SrTiO 3 interface. Scanning transmission electron microscopy shows an abrupt interface with a bright contrast, indicating the presence of misfit strain. Electron energy loss spectroscopy displays a chemical shift of the Mn L 2,3 edge together with a high white line intensity ratio revealing a reduction in the nominal Mn oxidation state in the first 3-4 monolayers. These observations indicate misfit strain significantly changes the electronic structure at the interface. V C 2011 American Institute of Physics. [doi:10.1063/1.3663218] The coupling between magnetic and ferroelectric order parameters in so-called magnetoelectric multiferroics has drawn considerable interest due to their potential application as multifunctional devices. 1-3 Among perovskite manganite based multiferroics, orthorhombic TbMnO 3 (TMO) has a prominent place because of its large magnetoelectric coupling and since its ferroelectric state is directly coupled to the magnetic structure. 4, 5 Epitaxially stabilized thin films offer the possibility of utilizing the misfit strain to have additional degrees of freedom for tuning the properties. 6 In a recent development, epitaxial TMO films grown on SrTiO 3 (STO) substrates exhibit net magnetic moments. [7] [8] [9] The proposed origin for the net magnetic moments in this system has been attributed to epitaxial strain-induced unit cell deformation, 8 leading to the changes in their magnetic interaction. Detailed investigation on growth, structure, transport properties and thickness dependent domain structure of the epitaxial TMO films have been reported elsewhere. 10, 11 Nonetheless, there is to-date a lack of detailed investigation on interfacial strain, chemistry, and electronic structure of the TMO/STO epitaxial interface. In this letter, we address these questions by using scanning transmission electron microscopy (STEM) based techniques, such as high angle annular dark field (HAADF) imaging and electron energy loss spectroscopy (EELS) at the sub nanometer scale.
The details of the growth of orthorhombic (001)-oriented TMO films on (001)-STO substrates were discussed by Daumont et al., 10 and in this present work, a 67 nm thick TMO film was investigated. Cross section TEM samples were prepared by a conventional procedure as described in detail elsewhere 11 and plasma cleaned before loading the sample into the microscope. Interface structure characterization and chemical analysis were carried out using a FEI Titan 80-300 TEM/STEM field emission TEM operating at 300 kV, equipped with a Gatan Tridiem imaging filter. The probe size used for EELS, annular dark field (ADF), and HAADF imaging was 2 Å taking beam broadening into consideration. EEL spectra were acquired with a convergence semiangle of 9.5 mrad and a collection angle of about 12 mrad at dispersions of 0.1, 0.2, and 0.3 eV/channel in order to obtain data with high energy resolution and good signal to noise ratio. All data shown were acquired with a dispersion of 0.2 eV/channel. A spectrometer entrance aperture of 2 mm was used, resulting in an energy resolution of about 1 eV as determined by the full width at half maximum of the zero loss peak. Core-loss EEL spectra at the Mn L 2,3 , O K, Ti L 2,3 , and Tb M 4,5 edges were recorded over an area of (2 Â 0.6) nm 2 as a function of probe-interface distance. Care was taken such that the long side of the probed rectangular regions was aligned parallel to the interface to obtain high lateral resolution perpendicular to the interface. Using an elongated box for measurements allows to minimize beam damage and to correct for the specimen drift.
Bulk TMO has an orthorhombic structure (space group Pbnm) with lattice parameters a ¼ 5.2931 Å , b ¼ 5.8384 Å , c ¼ 7.4025 Å at room temperature. 12 Our earlier x-ray data have shown that the film is compressively strained for the present thickness and adopts two different orientation relationship with the underlying STO substrate, i.e., [100] and [010] of the orthorhombic TMO film parallel to the [110] and ½1 10 of the cubic substrate. With this orientation relationship the strain is only partially relaxed. 10 Assuming full coherency between TMO and STO, the misfit strain is as large as 4.1% and À5.7% for an orientation relationship of a axis TMO//STO [110] and b axis TMO//STO ½ 110, respectively. Even for the high thickness of 67 nm, the film remains in the strained state. The overview of the TMO film on STO is shown in a low magnification HAADF-STEM image in Fig. 1(a) . The intensity in the HAADF image is approximately proportional to the average atomic number Z 2 of the projected atomic columns. Since the average atomic number of the TMO film is higher than that of STO, TMO appears brighter. The interface between film and substrate appears a) relatively abrupt and coherent without any interfacial defect or misfit dislocations (see Fig. 1(c) ). An interesting feature is observed at the substrate-film interface in the high resolution HAADF-STEM image of Fig. 1(c) collected with a detector inner semiangle of 59 mrad. The domain boundaries/walls formed as a part of strain relaxation mechanism have a standoff of about 1.5 nm above the interface. In Fig. 1(b) , the low angle ADF image collected with a detector inner semiangle of 30 mrad is given, which reveals an enhanced bright band near the interface with a width of about 1.5 nm. When the electron beam probes across the interface, the atoms displaced from the crystal symmetry positions (due to strain or by lattice vibrations) cause disruption in the channeling of the incident scanning beam. This dechanneling affects the fast electron scattering through large angles. 13, 14 As a result, the ADF intensity collected from the strained region is higher than that from the strain free region as seen in Fig.  1(b) . This is consistent with cross section bright field TEM image of the same film 11 showing strain fields at the substrate-film interface and the reduced in-plane lattices a, b found in our x-ray diffraction data. 10 Thus, both features, the stand off of the domain walls and the enhanced low angle ADF signal, suggest that the interface is strained compared to the bulk region.
An atomically abrupt interface does not necessarily imply that the atom possesses the same valence state as in the bulk. To obtain information on the electronic structure of the TMO/STO interface, EEL spectra were recorded across the interface from the substrate to the film with 0.6 nm steps parallel to the interface with the settings previously mentioned. The background was subtracted using a power law fit. 15 Noticeable strong changes were observed at the Mn L 2,3 edge which will be therefore discussed in detail. Fig. 2 shows the Mn L 2,3 ionization edge around 640 eV as the function of probe-interface distance. The Mn edge typically shows two characteristic L 3 and L 2 white lines (WL) with an energy loss difference of $11 eV due to spin-orbit splitting. The peak arises due to transitions of electrons from the 2p 3/2 and 2p 1/2 core levels to empty manganese 3d states hybridized with oxygen 2p orbitals. 16 The WL intensity ratio is sensitive to the d electron occupancy in 3d transition metal and oxides, 17 and it can serve as a useful finger print for the valence state at the interface. [18] [19] [20] [21] For Mn, we rely on the data from Schmidt et al. 22 The continuum contribution of the WL intensity was approximated by a Hartree-Slater crosssection step function and removed from the original data. Fig. 2 shows that the Mn edge starts from the interface region. When the EELS data are acquired at the interface positions 0, 1, and 2 as marked in the figure, the Mn L 2,3 edge onset shifts towards lower energy losses in comparison with the spectrum collected at the position 4 at a distance of 5 nm away from the interface (bulk region). Fitting a double Gaussian to the L 3 peak for the spectra acquired at a bulk region and at position 1 of the interface region reveals that 
FIG. 2. (Color online) EEL spectra across the interface between STO and
TMO showing the variation in the Mn L 2,3 edge with two characteristic peaks labeled as L 3 and L 2 . The line drawn in the Mn L 3 edge is a guide to eye to see the shift in the edges. All the spectra were displaced vertically for the sake of clarity.
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Appl. Phys. Lett. 99, 222902 (2011) this peak shifts by 0.7 eV. The peak maxima of L 3 at the interface is at 641.3 eV (60.2) and the L 3 /L 2 intensity ratios calculated from the spectra acquired at the interface region (position 0 and 1) measures 3.1(60.3) and 2.7(60.3), respectively. The intensity ratios obtained above 0.9 nm from the interface at the positions 2, 3, and bulk region are 2.6(60.2), 2.5(60.2), and 2.5(60.2), respectively, which is consistent with previous reports for Mn in 3þ oxidation state. 22 A striking feature is that the largest I(L 3 )/I(L 2 ) ratio is observed only at the interface region where the high strain contrast is seen in the low angle ADF-STEM image (Fig.  1(b) ). The WL intensity ratios are known to increase with decreasing transition-metal valencies for the transition metal oxides. 23 In our case, the high intensity ratio at the interface can be correlated to Mn atoms in lower oxidation state compared to the bulk. Each of the changes seen in the Mn L 2,3 edge while moving the probe across the TMO interface region into the bulk TMO can be related directly to a corresponding change in the local electronic structure. In a purely ionic picture, the combination of a weak chemical shift and a higher WL ratio would indicate a tendency towards a slight reduction in the Mn oxidation state locally at the interface region. It is known that this is not the case in transition metal oxides, 24 where these features are better interpreted as changes in local charge transfer. Nevertheless, our results are consistent with those obtained for the Mn K edges of TMO thin films 7 and of bulk TMO under hydrostatic pressure 25 and can be interpreted as an increase in the ionicity and/or a decrease of the local Jahn-Teller distortion. 7,25 X-ray photoelectron spectroscopy data in similar films (measured at the free surface) 7 revealed similar features at the Mn K edge but not at the Mn L edge, as in the present work, which indicates that the effect is greatly amplified at the strained interface.
In conclusion, our work demonstrates the change in electronic structure at the interface of TMO/STO due to misfit strain using HAADF, ADF and EELS. The high resolution HAADF-STEM image infers that the domain walls have a stand off about 1.5 nm above the interface and that the interface is coherent and fairly abrupt. A clear uniform strain contrast is visible for a width of about 1.5 nm from the interface in the high resolution low angle ADF-STEM images. The observed compressively strained layers are responsible for the evolution of a weak chemical shift in the Mn L 2,3 edge towards lower energy losses. Together with the higher WL intensity ratio calculated at the interface, a slight change of the local charge distribution is evident. Finally, this finding opens the possibility to control the electronic structure at the interface by tuning the epitaxial misfit strain. Authors S.V, M.D, and C.S would like to acknowledge Dr. Steffen Schmidt for his help in microscope operation and useful discussion. C.S would like to thank the German research foundation (DFG) for funding in the Cluster of Excellence "Nanosystems Initiative Munich" (NIM).
